PERSPECTIVES
I
s the stratosphere, the atmospheric layer between about 10 and 50 km, important for predicting changes in weather and climate? The traditional view is that the stratosphere is a passive recipient of energy and waves from weather systems in the underlying troposphere, but recent evidence suggests otherwise. At a workshop in Whistler, British Columbia (1), scientists met to discuss how the stratosphere responds to forcing from below, initiating feedback processes that in turn alter weather patterns in the troposphere.
The lowest layer of the atmosphere, the troposphere, is highly dynamic and rich in water vapor, clouds, and weather. The stratosphere above it is less dense and less turbulent (see the figure) . Variability in the stratosphere is dominated by hemisphericscale changes in airflow on time scales of a week to several months. Occasionally, however, stratospheric air flow changes dramatically within just a day or two, with largescale jumps in temperature of 20 K or more.
The troposphere influences the stratosphere mainly through atmospheric waves that propagate upward. Recent evidence shows that the stratosphere organizes this chaotic wave forcing from below to create long-lived changes in the stratospheric circulation. These stratospheric changes can feed back to affect weather and climate in the troposphere.
Throughout northern-hemispheric winter, air flowing over mountain ranges and continental landmasses induces large planetary-scale waves in wind patterns that propagate upward, refract, and reflect in the stratosphere. The waves break in the stratosphere and above, analogous to ocean waves breaking on a beach (2). They thereby create fluctuations in the strength of the polar vortex formed by high-latitude winds in winter (3) . These fluctuations tend to move down to the lowermost stratosphere, where they can last 1 to 2 months (4).
The Southern Hemisphere has fewer mountain ranges and less land surface. Hence, the planetary-scale waves there are smaller in amplitude, and wave forcing of the stratosphere is less influential than in the Northern Hemisphere. Consequently, the southern-hemispheric polar vortex is relatively undisturbed during winter and early spring, and large stratospheric vortex variations occur mainly during late spring.
In the cold southern polar vortex, human-made chlorine species are transformed into ozone-destroying species. Ozone is destroyed photochemically when sunlight returns in spring. The resulting ozone "hole" leads to a relative reduction in solar heating and a stronger vortex. Observations and recent model simulations (1) show that the strengthening of the polar vortex during spring leads to lower surface temperatures over Antarctica and higher temperatures in mid-latitudes of the Southern Hemisphere that persist into summer.
Variability in the tropical stratosphere is dominated by the quasi-biennial oscillation (QBO), in which vertically alternating westerly and easterly wind bands descend with time. The period of the QBO at any level varies from 2 to 3 years, and it is predictable for about 1 year. The QBO affects the global stratospheric circulation, modulating the strength of both polar vortices. Observations suggest that the QBO modulates the height of the tropopause in the tropics and subtropics, affecting convection, monsoon circulations, and hurricanes.
Recent observational analyses have shown a strong connection between the strength of the stratospheric polar vortex in the Northern Hemisphere and the dominant pattern of surface weather variability, the Northern Annular Mode (NAM, also called Arctic Oscillation) (5, 6) . The NAM is also known as the sea-level pressure oscillation between Iceland and the Azores termed the North Atlantic Oscillation (7) .
When the NAM is positive, pressures are lower than normal over the polar cap but higher at low latitudes, with stronger westerlies at mid-latitudes, especially across the Atlantic. Northern Europe and much of the United States are warmer and wetter than average, and Southern Europe is drier than average. Variations in the strength of the polar vortex in the lower stratosphere affect the sign and persistence of the NAM at Earth's surface. Hence, the slowly varying stratospheric signal may help to predict the NAM well beyond the 7-to 10-day limit of weather prediction models.
The connection between the stratospheric polar vortex and the surface NAM has important implications for predicting the climatic response to increasing concentrations of greenhouse gases. As the troposphere warms, the stratospheric polar vortex is expected to cool; as a result, a trend toward a more positive NAM would be expected. But climate models do not agree as to whether the stratospheric polar vortex will become colder and stronger with increasing greenhouse gas concentrations. The disagreement centers on the role of waves emanating from the troposphere: If the waves strengthen sufficiently, they could overwhelm the cooling effects of increasing greenhouse gases, resulting in a warmer, weaker stratospheric vortex.
Some volcanic eruptions cause large increases in sulfate aerosols that heat the stratosphere (8) . The altered thermal struc-ture in the stratosphere appears to affect the NAM at Earth's surface. Changes in solar ultraviolet radiation as a result of the 11-year solar cycle also affect stratospheric ozone and temperatures, but it is not clear whether or how these changes are communicated to the surface.
Observational and modeling results (1) show that stratospheric processes affect tropospheric and surface climate on many time scales. However, existing theories cannot explain the underlying mechanisms. Anomalies in the lowermost stratosphere have nonlocal dynamical effects that change winds in the troposphere (much as an electric charge has nonlocal electrostatic effects that change the surrounding electric field) (9). This effect can cause changes at Earth's surface but is probably too weak to account for the magnitude of the observed surface pressure changes. Changes in stratospheric winds may also cause downward reflection of planetaryscale waves originating in the troposphere, but the magnitude of this effect on the NAM remains uncertain.
Whatever the mechanism, an amplifier appears to be needed. In the upper troposphere, weak changes to the winds could be amplified by interactions with "synoptic-scale" waves with wavelengths of 1000 to 5000 km. These waves are strongest in the upper troposphere but extend several kilometers into the stratosphere. Hence, there is a region where synoptic-scale waves can be affected directly by stratospheric wind anomalies. The altered waves could in turn affect tropospheric circulation and induce surface pressure changes corresponding to the NAM (10, 11) . A complete explanation will require carefully designed modeling experiments and comparisons with observations.
The evidence presented at the workshop (1) suggests that, together with the tropical oceans, the stratosphere is a player in determining the memory of the climate system. It exerts its influence on tropospheric weather most strongly during northern winter and southern spring. At its maximum, the magnitude and geographic scale of this influence may be comparable to that of El Niño-Southern Oscillation. The stratosphere may play an important role in long-term variations in the polar ice pack (12) , sea surface temperatures, and deep ocean circulation (7), because the mid-and high-latitude oceans are sensitive to persistent changes in the NAM.
The most pressing issue in stratospheretroposphere coupling is to better understand the dynamical processes by which the tropospheric circulation responds to changes in the stratosphere. This understanding may help to better predict not only weather on monthly and seasonal time scales, but also the climatic effects of greenhouse gas increases, stratospheric ozone depletion, solar changes, and volcanoes (13) .
